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Highlight 

 Total dust deposition flux during precipitation (TDP) at Toyama was evaluated with NASA GEOS-5. 

 Four GEOS-5 experiments were analyzed to discuss the sensitivities on TDP for the two TDP events. 

 Increased horizontal resolution increased modeled precipitation and TDP during the one event. 

 One experiment (MERRAero) with aerosol data assimilation showed the best performance. 

 A weak short-time precipitation during a dust transport event likely increased the observed TDP.  
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Abstract 

    We compared the observed total dust deposition fluxes during precipitation (TDP) mainly at Toyama 

in Japan during the period January – April 2009 with results available from four NASA GEOS-5 global 

model experiments. The modelled results were obtained from three previous experiments and carried out 

one experiment, which were all driven by assimilated meteorology and simulating aerosol distributions for 

the time period. We focus mainly on the observations of two distinct TDP events, which were reported in 

Osada et al. (2011), at Toyama, Japan, in February (Event B) and March 2009 (Event C). Although all of 

our GEOS-5 simulations captured aspects of the observed TDP, we found that our low horizontal spatial 

resolution control experiment performed generally the worst. The other three experiments were run at a 

higher spatial resolution, with the first differing only in that respect from the control, the second adding 

imposed a prescribed corrected precipitation product, and the final experiment adding as well assimilation 

of aerosol optical depth based on MODIS observations. During Event C, the increased horizontal 

resolution could increase TDP with precipitation increase. There was no significant improvement, 

however, due to the imposition of the corrected precipitation product. The simulation that incorporated 

aerosol data assimilation performed was by far the best for this event, but even so could only reproduce 

less than half of the observed TDP despite the significantly increased atmospheric dust mass 

concentrations. All three of the high spatial resolution experiments had higher simulated precipitation at 

Toyama than was observed and that in the lower resolution control run. During Event B, the aerosol data 

assimilation run did not perform appreciably better than the other higher resolution simulations, 

suggesting that upstream conditions (i.e., upstream cloudiness), or vertical or horizontal misplacement of 

the dust plume did not allow for significant improvement in the simulated aerosol distributions. 
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Furthermore, a detailed comparison of observed hourly precipitation and surface particulate mass 

concentration data suggests that the observed TDP during Event B was highly dependent on short periods 

of weak precipitation correlated with elevated dust surface concentrations, important details possibly not 

captured well in a current global model.  
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1. Introduction 

    Global climate models (GCMs), which incorporate coupled atmospheric and oceanic general 

circulation models (AGCMs and OGCMs, respectively, or AOGCMs when coupled), have been used to 

predict future climate (e.g., Emori et al., 1999; Hansen et al., 2007; Taylor et al., 2012). GCMs in either a 

forecast or hindcast mode have also been used to support field campaigns, where the data collected serves 

a crucial purpose in supporting model validation (e.g., Lawrence et al., 2003; Nowottnick et al., 2010, 

2011a; Bian et al., 2013; Buchard et al., 2014). In terms of aerosol-related studies, most of the validation of 

GCMs has often focused on comparison of model variables to atmospheric observations from 

ground-based or satellite measurements (e.g., Takemura et al., 2000, 2002; Yu et al., 2003; Sanap et al., 

2014). There has been far less focus on evaluating aerosol models in terms of simulated aerosol deposition 

due to the relatively sparse number of direct deposition measurements available (e.g., Ginoux et al., 2001; 

Luo et al., 2003; Mahowald et al., 1999, 2005, 2009; Inomata et al., 2009; Colarco et al., 2014a). As a 

result, aerosol deposition in global models is in general not well validated. 

    This paper focuses on evaluating the deposition of mineral dust aerosols during precipitation at 

Toyama, Japan, as simulated in the NASA Goddard Earth Observing System Model, Version 5 (GEOS-5) 

(e.g., Rienecker et al., 2008; Molod et al., 2012). For context, the phenomenon of the Trans-Pacific dust 

(or air mass) transport is well known (e.g., Duce et al., 1980; Shaw, 1980; Iwasaka et al., 1983; 

Darmenova et al., 2005; Yasunari et al., 2007; Yasunari and Yamazaki, 2009a, 2009b; Uno et al., 2009; 

Yumimoto et al., 2010; Yu et al., 2012; Yumimoto and Takemura, 2015). Because Japan sits on the 

Trans-Pacific air mass pathways, it is an ideal location to monitor Asian dust (also known as Kosa in 

Japanese), and dust transport has frequently been observed over Japan during springtime (e.g., Iwasaka et 
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al., 1983, 1988; Hao et al., 1995; Shimizu et al., 2004; Matoba et al., 2005; Kido et al., 2007; Hara et al., 

2009; Mizoguchi et al., 2009) (also see the website on the general information on Kosa by the Japan 

Meteorological Agency, JMA, in Japanese: 

http://www.data.jma.go.jp/gmd/env/kosahp/kosa_data_index.html). 

Osada et al. (2011; hereafter called OS11) have recently compiled weekly-resolved systematic 

measurements of the total dust deposition fluxes during precipitation (hereafter simply called, TDP; see 

Section 2.2) over a one-year period of time at six locations in Japan (Sapporo, Toyama, Tottori, Nagoya, 

Fukuoka, and Hedo) (their Fig. 1; Fig. 1). Yasunari et al. (2014; hereafter called, YS14) previously 

compared the modeled TDP from two global GEOS-5 simulations with the OS11 TDP observations at 

Sapporo in Japan to evaluate the sensitivity of the simulated snow darkening effect to the simulated 

aerosol deposition (the outputs from these two simulations were obtained and are also used in this study, 

focusing here mainly on the results at Toyama; see Section 2.1). Osada et al. (2014) recently extended the 

OS11 data by additionally including dry deposition data. Previous studies have shown that wet deposition 

plays a major role in the total dust deposition over the Pacific region (Uematsu et al., 1985) and the 

Japanese mountain range (Mount Tateyama in the Hida mountain range) (Osada et al., 2004). Therefore, 

we focus only on dust deposition during precipitation events in this paper using the OS11 TDP data set. 

Hereafter ―observed TDP‖, ―TDP observations‖, or similar descriptions for the observed TDP always 

refers to the TDP measurements by OS11. 

    In the spring of 2009, Asian dust transport to Toyama, Japan, during March 16-18 was reported by the 

JMA (Kosa-observed days and its locations in Japan in 2009; hereafter called, the JMA Kosa website 

2009; available at the JMA website in Japanese: 
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http://www.data.jma.go.jp/gmd/env/kosahp/kosa_table_2009.html). During the same period, OS11 

detected the two larger TDP events in the one of their six locations, Toyama (see Fig. 2 of OS11). They 

concluded that the greatest TDP event in March 2009 was due to the combined effect of precipitation and 

dust transport. Hence, we decided to mainly focus on the two TDP events at Toyama as good cases, during 

the time period of January – April, 2009, to evaluate GEOS-5 sensitivities and to further examine the 

observed TDP events. 

    The purpose of this paper is to compare experiments of GEOS-5 to observations made during the time 

period above in order to: (1) explore sensitivity of the modeled TDP at Toyama to model configuration 

characteristics; and (2) further understand why the OS11-observed TDPs from the events at Toyama were 

so pronounced. The outcomes of these investigations will enhance our confidence in the ability of 

chemical transport models to simulate dust deposition for real events, and suggest aspects of the modelling 

which require particular consideration because of the sensitivity of the simulated results (e.g., treatment of 

aerosol scavenging by precipitation). 

 

2. Model setup and data set description 

2.1 GEOS-5 model description and experimental design 

    GEOS-5 (Rienecker et al., 2008; Molod et al., 2012) is a global model for Earth system modeling 

developed by the NASA Global Modeling and Assimilation Office (GMAO; http://gmao.gsfc.nasa.gov), 

used for forecasting, data assimilation and reanalysis, and climate applications. Individual atmospheric, 

oceanic, and land surface components—including snowpack—are coupled under the Earth System 

Modeling Framework (Hill et al., 2004). GEOS-5 was used to produce the NASA Modern-Era 
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Retrospective analysis for Research and Applications (MERRA) atmospheric reanalysis product 

(Rienecker et al., 2011). A non-hydrostatic version of the GEOS-5 AGCM has been run at very fine 

horizontal resolution to simulate tropical cyclones and convective system (Putman and Suarez, 2011). In 

addition to traditional meteorological parameters, GEOS-5 simulates atmospheric aerosol components 

such as dust, sulfate, black carbon, organic carbon, and sea salt, using a version of the Goddard Chemistry, 

Aerosol, Radiation, and Transport (GOCART) module (Chin et al., 2000, 2002; Ginoux et al., 2001; 

Colarco et al., 2010). An aerosol data assimilation capability—used in one of our experiments below—has 

recently been introduced in GEOS-5, in which column-integrated total aerosol optical depth (AOD) 

derived from measurements made by the Moderate Resolution Imaging Spectroradiometer (MODIS) 

instruments on the NASA Terra and Aqua satellites is used to correct simulated total column aerosol 

optical depth (see details in Kessner et al., 2013; Buchard et al., 2014, 2015; Colarco et al., 2014b; 

Nowottnick et al., 2015). Additionally, YS14 (i.e., updated from Yasunari et al., 2011) recently developed 

a snow darkening module (called GOddard SnoW Impurity Module: GOSWIM) as a part of the GEOS-5 

land surface model, incorporating simulated deposition of dust, black carbon, and organic carbon aerosols 

from GOCART to snow in adjusting snow albedo physically. The impact of the snow darkening effect on 

boreal spring climate in the Earth system has recently been discussed with GEOS-5/GOSWIM (Yasunari 

et al., 2015). Evaluations of GEOS-5 aerosol simulations with field campaign and remote sensing data 

have been also presented in a number of recent studies (e.g., Colarco et al., 2010, 2014a,b; Nowottnick et 

al., 2010, 2011a; Bian et al., 2013; Buchard et al., 2014). 

    The GOCART module in GEOS-5 represents dust aerosols in five non-interacting size bins, covering 

the particle size range of 0.2-20 μm in diameter (Tegen and Lacis, 1996; Colarco et al., 2010). Dust 
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mobilization processes are based on Ginoux et al. (2001). As summarized in Nowottnick et al. (2011a), 

deposition processes include dry, wet (by convective and large-scale scavenging), and gravitational 

sedimentation. More detailed information on the dust treatment in GEOS-5 is also available in Colarco et 

al. (2010, 2014a) and Nowottnick et al. (2010, 2011a). 

    The dust wet removal schemes in GEOS-5 are primarily based on Liu et al. (2001). The wet removal 

process is separated into two types: wet scavenging (1) within convective plumes and (2) associated with 

large-scale cloud processes. The convective scavenging occurs in the cloudy fraction of the grid box with 

a rate proportional to the net convective updraft mass flux (updraft mass flux + entrainment - detrainment). 

The rate is scaled by an overall scavenging efficiency, which is determined by the updraft velocity speed 

(assumed to be 5 m s
-1

 over water and 10 m s
-1

 over land) and the height of the convective plume. The 

large-scale in-cloud scavenging is proportional to the grid box fraction of the precipitating cloud and is 

scaled by the precipitation rate. The below-cloud washout follows a similar formulation but accounts for 

tracer return via evaporation if precipitation in the grid box is less than precipitation in higher grid boxes. 

For dust, an efficiency factor of 0.3 is assumed for in-cloud scavenging to account for the reduced 

hygroscopicity of dust relative to other aerosols. The column accumulated wet removal amount for each 

case is the total wet deposition amounts at each grid point by convective and large-scale scavenging, 

respectively. 

    The results from four GEOS-5 experiments (EXP1-4; see below) were used in this study. For all 

simulations, the model had 72 vertical hybrid sigma levels, which is a typical GEOS-5 configuration 

(Rienecker et al., 2008; Molod et al., 2012), extending from the surface to approximately 85 km altitude. 

We explore two different horizontal spatial resolutions (2° x 2.5° and 0.5° x 0.625° latitude by longitude) in 
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order to investigate sensitivity of simulated aerosol emission, transport, and deposition, as well as 

simulated precipitation, to spatial resolution. Nowottnick et al. (2011b) found that spatial resolution had a 

significant effect on the magnitude of dust emissions in GEOS-5 because higher resolution versions of the 

model had typically higher surface wind speeds. Additionally, Toyama—where we focus in this study—is 

located in the vicinity of the Hida mountain range, so we expect some sensitivity on changing spatial 

resolution due to sharp gradients in topography though other factors are also possible. All of our 

experiments are ―replay‖ simulations, in which the GEOS-5 produced MERRA atmospheric reanalysis 

fields (pressure thickness, virtual temperature, horizontal winds, ozone, and specific humidity) by 

Rienecker et al. (2011) are used to replace the atmospheric state every six hours of simulation time to the 

MERRA reanalysis fields, and the full model physics is used to simulate the atmospheric state for 

subsequent time steps until the next analysis update is available (also see, for example, Supplemental 

Information, SI, of YS14). As summarized in Nowottnick et al. (2011a), this cycling strategy allows 

GEOS-5 to reproduce observed meteorology similar to what is typically done for offline chemical 

transport models, but without the expense of running the atmospheric data assimilation system at the same 

time. For all experiments, the observation-based sea surface temperature data set of Reynolds et al. (2002) 

was prescribed as a surface boundary condition. 

    The four GEOS-5 experiments used in this study are: 

    EXP1: This experiment is identical to the TE1 experiment presented in YS14 and the outputs were 

obtained from their study. This experiment was performed at 2° (latitude) x 2.5° (longitude) horizontal 

resolution (144 x 91 grid points in longitude by latitude) and the precipitation was generated by the model. 

The EXP1 simulation started from June 18, 2004 (YS14). 
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    EXP2: This experiment is identical to the TE2 experiment also presented in YS14 and the outputs 

were obtained from their study. It is similar to EXP1 discussed above except that the experiment is 

performed at 0.5° (latitude) x 0.625° (longitude) horizontal resolution (576 x 361 grid points in longitude 

by latitude.) and started from May 23, 2008 (YS14). The model also simulated the precipitation, as 

similarly does in EXP1. 

    EXP3: This experiment is similar to EXP2 (0.5° x 0.625° horizontal resolution), but instead of only 

generating the precipitation by the model as in EXP1 and EXP2, this experiment further used a forcing of 

the corrected 1-hourly precipitation product (Reichle and Liu, 2014; hereafter referred to as the corrected 

MERRA precipitation), using the global precipitation products based on observations and estimates from 

satellite data (Adler et al., 2003; Xie et al., 2007) to replace the simulated precipitation. EXP3 also began 

on May 23, 2008. This experiment was carried out for this study. 

    EXP4: This experiment’s results were obtained from the recently produced ―MERRAero‖ aerosol 

reanalysis, in which aerosol optical depth was assimilated from a MODIS-derived AOD product (see 

below). This experiment was also carried out at 0.5° x 0.625° horizontal resolution and used the corrected 

MERRA precipitation product. See Kessner et al. (2013), Buchard et al. (2014, 2015), Colarco et al. 

(2014b), and Nowottnick et al. (2015) for further information about MERRAero. 

    We note that EXP1-3 were all carried out with identical versions of the GEOS-5 model code, which 

incorporated the snow darkening effect by YS14 in the land surface model. EXP4 was carried out with a 

slightly different version of the model that neglected, for example, the snow darkening effect. This 

difference, and other differences in the model codes between EXP4 and the other experiments are 

insignificant to our results on the replay run experiments, for which all the experiments are constrained by 
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the MERRA atmospheric reanalysis fields (Rienecker et al., 2011). We mostly used the GEOS-5 outputs 

during January – April 2009 except for Figs. S2 and 9. 

    For comparisons to observations, the TDP is computed from the GEOS-5 outputs as in YS14 as the 

weighted sum of dust sedimentation and dry and wet deposition fluxes during the simulated precipitation 

event (defined here as in YS14 as a total precipitation rate—including convective and large-scale rain and 

snowfall—in excess of 1.0E-20 mm day
-1

) with the particle size weighted treatment as follows. As 

inherited from the previous studies (Tegen and Lacis, 1996; Colarco et al., 2010), the dust particle size 

distribution is resolved into five size bins, for which each bin has an assumed sub-bin particle size 

distribution used for calculating its optical properties. The smallest of these size bins spans a diameter 

range of 0.2 – 2 µm. Because OS11 used filters with 1.0 µm sized pores for the TDP measurement (see 

Section 2.2), in order to make better comparisons of TDP between the OS11 observations and models in 

closer particles size ranges, we accordingly aggregate dust mass fluxes from the model as the total of 

67.6% of the flux in the smallest size bin (i.e., corresponding to the sub-bin particle diameter size range of 

1.2 – 2 µm) and the fluxes in our four larger size bins for the purpose of data analyses. So as to avoid 

arbitrary settings, we followed the mass fraction settings above based on the previous studies (Tegen and 

Lacis, 1996; Colarco et al., 2010). This treatment was applied to all the dust deposition components 

(sedimentation, dry, and wet deposition fluxes) from the GEOS-5 outputs, which is also applied to 

compute modeled dust emission flux for our discussion. 

For simulated mass concentration and column mass density of dust, the saved variables were not 

separated into the particle size bins in the original GEOS-5 settings, reflecting all size information and are 

compared as they are to the available atmospheric observations (see Section 2.2). If we need to discuss in 
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detail the mass concentration and column mass density in separated dust size bins, we have to change the 

GEOS-5 output settings in future studies. However, the sub-bin mass separation for the smallest size bin, 

which was carried out for the modeled TDP, is not necessary especially for the comparison between 

modeled surface mass concentration of dust and observed (and/or estimated) Total Suspended Particles 

(TSP) (see Section 2.2 and Section 3 of Supplementary Information, SI) because TSP includes all particle 

sizes. The additional information on the treatment of the GEOS-5 data is also available in SI. 

  

2.2. Observations in Toyama 

We compare the GEOS-5 simulated TDP to observations made in Toyama, Japan, by OS11. Note that 

OS11 call their measurements the ―wet deposition flux‖ of dust, but strictly it is the sum of all the possible 

components of dust fluxes captured (by dry and wet processes) during precipitation events, as discussed in 

YS14. Here we summarize the measurement approach used in OS11. Briefly, their measurement system 

employed a precipitation sensor that opened the sampler when precipitation was detected. They filtered 

the collected water sample including deposited materials with 1.0 µm sized pores. The sampling interval 

of OS11 was mostly weekly, with some exceptions, at which point the sample bottles were changed and 

the next sampling period began. They estimated the dust amount from the measured iron (Fe) mass in the 

insoluble residue collected on the filter, using the method of Ura et al. (2011), in which the total mineral 

dust mass was assumed to include 3.8% Fe by weight (see more information in OS11). 

The OS11 TDP observations were taken at six locations in Japan (Sapporo: 43.08°N, 141.34°E; 

Toyama: 36.70°N, 137.19°E; Nagoya: 35.16°N, 136.97°E; Tottori: 35.54°N, 134.21°E; Fukuoka: 33.55°N, 

130.36°E; Cape Hedo; 26.86°N, 128.25°E) (Fig. 1 of OS11; Fig. 1). As mentioned, in this paper we focus 
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primarily on the measurements at Toyama, mainly using the observed TDP data there to evaluate the 

calculated TDP from the GEOS-5 simulations. We also use the observed TDP data at the other locations in 

Section 3 to give some broader context to our comparisons. 

The Japan Meteorological Agency (JMA) observed the precipitation data using the Automated 

Meteorological Data Acquisition System (AMeDAS; see the JMA website in Japanese at: 

http://www.jma.go.jp/jma/kishou/know/amedas/kaisetsu.html), which we use here for the comparison 

with the GEOS-5 results and other datasets in order to present the timing and amount of precipitation 

observed and its possible impact on the observed TDP. The JMA station location information (the location 

information available in degrees and minutes) and daily precipitation data (also hourly precipitation data 

for the purpose of the discussion in Section 3.3) were obtained from the following JMA website (in 

Japanese) (available at: http://www.data.jma.go.jp/obd/stats/etrn/index.php). For our discussion, we chose 

the JMA Toyama station (36.7°N, 137.2°E), which is nearby to the location where the TDP observation at 

Toyama was made. 

There were additionally ground-based lidar data available in Toyama prefecture from a part of the 

lidar network maintained by the National Institute for Environmental Studies (NIES) (Sugimoto et al., 

2008). These data were used to investigate the timing and altitude of dust transport to Toyama. The NIES 

lidar is located at the Toyama Prefectural Environmental Science Research Center (TESC; 36.70°N; 

137.10°E) in Imizu city, which is very close to the TDP observation site in Toyama city (approximately 8 

km away, which was calculated on Google Earth). The lidar data are available from the NIES website 

(available at: http://www-lidar.nies.go.jp/). Here, the attenuated backscatter coefficient (ABC) and 

depolarization ratio (DR) at 532 nm were used. We follow the recommended data treatment given to us by 
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NIES (Shimizu, A., and N. Sugimoto, personal communication, 2012): We ignore data for ABC < 0.4 

Mm
-1

 sr
-1

 (i.e., the data were considered to be below confident detection thresholds) and assume that 

instances of ABC > 10.0 Mm
-1

 Sr
-1

 are generally indicative of clouds rather than aerosols (Shimizu, A., 

and N. Sugimoto, personal communication, 2013). Additionally, DR is well known as a good indicator of 

non-spherical particles (i.e., ice crystals and dust particles, e.g., Iwasaka, 1986a, 1986b; Iwasaka et al., 

1988). As mentioned in Shimizu et al. (2004), the histogram of the NIES lidar in-cloud DR data shows two 

peaks, possibly identifying water (around a few percent) and ice (30%) clouds. Based on their criteria, DR 

values of roughly 10-20% with corresponding enhanced ABC values (but smaller than the 10.0 Mm
-1

 Sr
-1

 

threshold noted above) are attributed to the occurrence of mineral dust. 

We also used Suspended Particulate Matter (SPM) data, which were measured (by the β-ray 

absorption method), maintained, and provided by the TESC. We used the SPM data to understand the 

surface air quality in Toyama city. The SPM measurement includes only aerosol particles of < 10 μm in 

diameter (e.g., Fig. 14 of Kasahara, 2002). Hao et al. (1995) mentioned that SPM measurement based on 

the β-ray absorption method made it possible to distinguish Asian dust (Kosa) events, but the 

measurement based on light scattering did not. Hence, the SPM observations at TESC by the β-ray 

absorption method could be suitable to discuss Asian dust events. The calculated daily mean SPM data 

was based on the 1-hourly observed data and then averaged in 9 locations in Toyama city (the location 

information was provided by TESC; Table S1). The averaged data are regarded as representative of the 

SPM concentration in Toyama city. See more information on the SPM data in Section 2 of SI. 

Total Suspended Particles (TSP) measurements were also used to evaluate the total pollution level 

(i.e., the SPM is limited to particle sizes of < 10 μm diameter, as mentioned above, but the TSP data 
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includes all particle sizes). The TSP measurement method was based on Kido et al. (2007), for which the 

weights on filtered samples were measured to obtain the mass concentrations. The TSP observations were 

only sporadically carried out at TESC during March-April 2009, including measurements during both 

Kosa (Asian dust) and non-Kosa conditions (Table S2), but unfortunately did not fully cover the time 

period of this study (January – April 2009). To make it possible to compare TSP with other data, we 

calculated an ―estimated‖ TSP, using the SPM data with the relationship between the SPM and TSP data 

during the limited time period of coincident coverage (see Section 3 of SI). The information on the 

difference between the SPM and TSP measurements can provide us the mass information from 

atmospheric pollution contributed by the particles of larger than 10 μm diameter. 

  

2.3. Temporal re-sampling of data 

    Because of the different time intervals, when we directly compare our modelled results (i.e., daily 

data) from GEOS-5 (or other observed quantities) to the observed OS11 TDP (i.e. mostly about weekly 

mean flux data), we have to temporally re-sample the quantities to the observed TDP sampling time 

intervals. Based on the YS14 method, we applied their temporal re-sampling method to the daily data here. 

For calculating temporally re-sampled mean modeled TDP, the modeled daily quantities were summed up 

with weighted fractions of each day (i.e., sum of the products of the daily quantity and fraction) during 

each sampling time period of the TDP observations (i.e., if the one modeled daily quantity on a certain day 

was completely within the time range of the one observed TDP sample, the day fraction for the daily data 

on that day is 1.0; if the modeled daily quantity on a specific day was partially overlapped with the time 

period on that day of an observed weekly TDP sample (this may happen mostly for the start and/or end 
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days of each sampling time interval of the TDP observation), the day fraction was smaller than 1.0, 

depending on its overlapped time). To obtain each time-interval mean TDP, we divided the accumulated 

quantities (i.e., the sum of the product above) by each OS11 sampling time interval of the observed TDP. 

Then we can directly compare the temporally re-sampled mean modelled TDP to the observed TDP in its 

time intervals (i.e., temporally consistent mean flux data). 

    For temporally re-sampled mean modelled surface mass concentration of modeled dust, the 

re-samplings were also similarly calculated, but the division was carried out by the accumulated day 

fraction within the available data during each observed TDP sampling time interval. However, there were 

no missing data in the modelled outputs on the surface mass concentration and the method was the same as 

the TDP re-sampling calculation above. The re-sampled mean data are considered as the mean data for 

each observed TDP sampling time interval. 

    The JMA-observed and GEOS-5-modeled daily precipitation rate data were also temporally 

re-sampled so as to have the observed TDP sampling time intervals. For the purpose of the discussion in 

Section 3 of SI, we also temporally re-sampled the simulated surface mass concentrations of dust to the 

sampling time intervals of the observed TSP (Table S2). The areal averaged daily mean SPM data in 

Toyama city (nine locations) are also temporally re-sampled so as to have the same sampling time 

intervals of the observed TDP or TSP (see Section 3 of SI). 

 

3. Two observed TDP events at Toyama in the spring of 2009 

    Fig. 2 shows the detailed comparisons of the modeled GEOS-5 results to observed TDP, surface-level 

aerosol mass concentration (the observed SPM, modeled dust, and estimated TSP), and precipitation 
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(from the JMA observations) at Toyama during the period January – April 2009. The ―estimated‖ TSP for 

comparisons with GEOS-5 outputs was computed, which was based on the temporally re-sampled SPM 

data in Fig. 2b with the non-linear regression equation (Eq. 2) from the relationship between SPM and TSP 

shown in Fig. S3a (also see Section 2.2 and SI). As summarized in Section 2.3 and SI, all the data in Fig. 2 

except for the observed TDP and estimated TSP were temporally re-sampled to the observed OS11 TDP 

sampling time intervals. 

    During the January – April 2009 time period OS11 reported two distinct TDP events in Toyama: one in 

late February (their Event B, spanning the time interval 13:15 Japan Standard Time (JST) February 18 and 

15:45 JST February 25) and one in Mid-March (their Event C, from 12:20 JST March 11 to 12:35 JST 

March 18) (Fig. 2a). All of the GEOS-5 simulations showed at least somewhat the increased TDP during 

Events B and C (Fig. 2a), with model performance varying among our four experiments, especially for 

Event C. In the remainder of the paper we seek to understand this diversity in the simulated results. 

 

3.1 Impact of increasing model horizontal resolution on the simulated dust characteristics from 

near the dust source region to Japan 

    We first seek to understand the role of model spatial resolution as it related to the dust emission and 

transport characteristics from the dust source regions to Japan during the January – April 2009 period. 

Here we particularly investigate EXP1 and EXP2 (i.e., only the horizontal resolutions were different). We 

note that overall at Toyama both the seasonally accumulated TDPs in EXP1 and EXP2 underestimated the 

observed TDP (Table 1). In detail, we see much higher TDP in the higher resolution EXP2 simulation. 
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    We first considered that one possible explanation for the different TDP from these two simulations lies 

simply in the amount of dust present in the atmosphere, and that this is controlled to first order by the dust 

emission process. Fig. 3 shows the accumulated dust emission fluxes for both EXP1 and EXP2 over the 

January – April 2009 period, showing particularly the main sources of dust from the Taklamakan and Gobi 

desert regions. Dust emissions in GEOS-5 are strongly controlled by surface wind speed (i.e., an 

approximately cubic dependence on wind speed, see Nowottnick et al. 2010), parameterized here in terms 

of the 10-m wind speed (Ginoux et al., 2001). Superimposed on Fig. 3 are the mean 10-m surface wind 

speeds for both simulations, which are clearly stronger (weaker) in EXP2 (EXP1), leading to higher 

(lower) dust emissions. The result is similar to what was found by Nowottnick et al. (2011b) in their 

simulations with GEOS-5. These suggest us that in general coarser topography may generate weaker 

horizontal gradient on its topography resulting in lower wind speeds. The major dust source in the 

Taklamakan Desert in EXP1 (i.e., the area with the relative increases of dust emission at the left side in Fig. 

3) is at relatively lower altitudes than steep mountainous terrains on its southern border (see Fig. S1), and 

high spatial resolution simulation (EXP2) suggests much of the dust emission in this region is driven by 

stronger surface winds at the southern border, as similarly discussed in Nowottnick et al. (2011b). We note 

that for both spatial resolutions the underlying dataset of topography is the same, but at the coarser 

resolution the ―peaks‖ and ―valleys‖ in the topography are relatively smoother. The enhanced surface 

wind speeds apparent in the higher resolution EXP2 were seen around the areas with the strong altitude 

gradients, and these gradients were more pronounced in the EXP2 run (Fig. S1). However, higher wind 

speeds were also seen in the EXP2 run in regions with gentler topographic gradients, so the generally 

higher dust emissions in EXP2 are perhaps driven by some combination of topographically driven winds 
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and other possible factors. This discussion does not preclude, however, other possible contributions to the 

increased dust emissions, such as differences in soil moisture, which can reduce dust emissions in wetter 

areas. Further model simulations are needed to understand the spatially dependent processes governing the 

dust emissions in this region. 

    Calculating the sum of the accumulated amount of dust emissions over the whole domain in Fig. 3 

during the January – April 2009 period (see the related information in SI), we obtained domain-integrated 

(i.e., the domain of Fig. 3) total dust emissions of about 17.6 and 32.7 Tg for EXP1 and EXP2, 

respectively (i.e., emissions in EXP2 are nearly twice as great as in EXP1). 

    However, interestingly, the increases in dust emissions in the source regions associated with increased 

model horizontal resolution did not necessarily imply increased TDP at the target location, Toyama (Fig. 

2a; Table 1). Even though the emission increased around the Taklamakan and Gobi deserts as horizontal 

resolution increased (Fig. 3), the resultant column mass densities of dust over Japan between EXP1 and 

EXP 2 had smaller differences (Fig. 4). This is probably attributable to the larger mass loss of dust near the 

source regions and during transport to Japan (i.e., more emission in EXP2 as seen in Fig. 3, but also more 

deposition near the source region as seen for the TDP plots shown in Fig. 5). Hence, the increased TDP in 

EXP2 at Toyama (Fig. 2a, Table 1) should be mainly affected by other possible factors. 

    A possible explanation for the modelled TDP increase at Toyama between EXP1 and EXP2 (Fig. 2a; 

Table 1) is that, as illustrated in Fig. 2c and Table 2, there is simply more precipitation simulated at 

Toyama in EXP2 than that in EXP1. The large-scale dynamical forcing in these two simulations are 

similar (i.e., both simulations are driven by the same meteorological reanalysis fields) and in this version 

of GEOS-5 there are no aerosol indirect effects, as similarly mentioned in Randles et al. (2013). So 
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differences in aerosol loading would only affect precipitation through the presumably weak aerosol direct 

radiative effect (recall, the dynamical forcing is reset to the MERRA analysis fields every six hours). 

There is clearly some dependency of the simulated precipitation then on the model spatial resolution. 

Accordingly we speculate that these differences may result from the differently resolved representation of 

topography near Toyama. Chao (2012) points out a long standing problem for GCMs in that they typically 

overestimate precipitation in the presence of steep terrain as a result of not properly ventilating heat from 

the boundary layer during the daytime on upslope faces of mountainous terrain. Chao (2012) and Chao 

(2015) suggest a parametric resolution to this problem for GCMs, but it has not been applied in our version 

of GEOS-5. As Figure 2c shows, the integrated precipitation at Toyama during Events B and C in the 

higher spatial resolution is generally overestimated by GEOS-5, and the overestimate is also seen in the 

seasonally accumulated precipitation (Table 2), which may be somewhat explained by Chao (2012) and 

Chao (2015). 

    Fig. 6 shows an east-west cross section of how the surface topography, specific humidity, vertical 

wind speed, and dust concentrations differ at the latitude of Toyama in the two simulations (EXP1 and 

EXP2) on March 16, 2009 during Event C. Toyama is situated near the coast, with water to the west and 

the Hida Mountains immediately to the east, and it is apparent in Fig. 6 that the resolved surface structure 

in the model has a steeper gradient and correspondingly larger vertical wind speeds in the EXP2 model run. 

These results are consistent with the explanation for excessive precipitation offered by Chao (2012). As 

seen in the surface geopotential height in Fig. 1, the steepest terrain gradients were seen around Toyama in 

Japan in EXP2, compared to EXP1. Furthermore, we found that the largest increase in modelled TDP 

when increased the horizontal resolution was seen during Event C at Toyama within the six OS11 
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measurement sites (Fig. S2). Although we have discussed the horizontal characteristics thus far, we will 

discuss in detail GEOS-5 model sensitivities on TDP for Event B and C, compared to observations, in the 

following sections. 

 

3.2 A strong Asian dust event at Toyama in March 2009 (Event C) 

    The correlated rise in the observed TDP and aerosol surface mass concentration (SPM) is more clearly 

pronounced for Event C than for Event B (Fig. 2a,b; see also the much clearer increase in the daily mean 

SPM data in Fig. S4). Event C again represents the greatest observed TDP in the OS11 data set (Fig. 2 of 

OS11; Fig. S2). The JMA officially observed Asian dust, Kosa, at Toyama during this time period (March 

16-18) (see the JMA Kosa website 2009). On March 16-17, additionally, here the NIES lidar observations 

in Toyama prefecture of both the attenuated backscatter coefficient (ABC; Fig. 7a) and depolarization 

ratio (DR; Fig. 7b) at 532 nm are strongly indicative of increased atmospheric dust (also see Section 2.2 

for the interpretation of the lidar data), as also discussed in OS11 (see their Fig. 4). Finally, the suite of 

GEOS-5 simulations also more clearly captured the features of Event C than Event B (e.g., Fig. 2). 

There are large differences in the simulated precipitation rates during Event C for EXP1 and EXP2 

(Fig. 7d,e). The JMA observed daily precipitation rates at Toyama are 0.5 and 6.0 mm day
-1

 on March 16 

and 17 (total 6.5 mm; total 3.5 mm during the exact one-day time period on March 16 in EXP1-3), 

respectively, while the simulated daily precipitation amount on March 16 was smaller for EXP1 (1.8 mm) 

and larger for EXP2 (11.6 mm). The precipitation amounts on that day in EXP3 (12.1 mm) and EXP4 

(15.8 mm; one-day time period is slightly different from those in EXP1-3 as in Section 1 of SI) were 

similar to that of EXP2. The precipitation in GEOS-5 on March 16 is critical for the increased TDP, as this 
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is when the peak in the dust transport occurred over Toyama (Fig. 7). The vertical profile of the dust mass 

concentration was similar in EXP1 and EXP2 (Figs. 6 and 7d,e). The precipitation during Event C 

coincided with higher specific humidity (Fig. 6) in the lower troposphere, overlapping the altitude of the 

dust layers. So we considered that the increased specific humidity might contribute to the increased 

precipitation in the dust layers and then might be presumably responsible for increasing the TDP amount 

at the surface. In EXP1, the mountain range near Toyama was resolved only as plateau-like wide and flat 

feature near the surface (the white masking in Fig. 6; see also Fig. 1). The enhancement of these 

meteorological features with the increased horizontal resolution in EXP2 is probably relevant to increased 

precipitation amounts at the surface (Fig. 7d). We speculated above that this enhanced precipitation in 

EXP2 relative to EXP1 results from the simulated greater upward motion of the air brought on by the more 

sharply resolved surface structure in EXP2 (i.e., topography effect). However, we cannot exclude other 

contributions too in addition to above within currently what we have. Therefore, we cannot firmly 

conclude this point in this study and further investigations are needed in future studies. 

EXP3 used the corrected MERRA precipitation rather than modeled precipitation (as in EXP2), but at 

Toyama there was very little difference in the precipitation during Event C when EXP3 and EXP2 are 

compared (Fig. 2c). The TDP difference during Event C was small (slightly less TDP in EXP3 than that of 

EXP2, Fig. 2a). 

The greatest increase of TDP was obviously seen for EXP4 (Fig. 2a). Recall that EXP4 was like EXP2 

except now with both the inclusion of the corrected MERRA precipitation (as in EXP3) and aerosol data 

assimilation. We note that the assimilation of aerosol information happens not only at the local level but 

also at upwind regions. The result is that EXP4 showed a higher mass concentration of dust in the lower 
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troposphere near Toyama compared to EXP1 and EXP2 (Fig. 7c-e). Comparisons of day-to-day 

atmospheric dust transport between EXP3 and EXP4, for example, clearly showed how the aerosol data 

assimilation increased the atmospheric column mass density of dust during the time period of March 

14-16, 2009 (Fig. S5). On March 14, atmospheric dust was high around the Gobi desert region in both 

EXP3 and EXP4, indicating an Asian dust outbreak there, and the atmospheric dust amounts between 

these experiments were almost the same. It is not until March 15 that the benefit of the MODIS aerosol 

observations were realized in the model, at which point the data assimilation introduced a significant 

correction to the aerosol loading over the East China Sea between Beijing and the Korean Peninsula, and 

the atmospheric dust amount in EXP4 was dramatically increased, compared to what was found in EXP3. 

This continued on March 16, by which point the aerosol plume had reached Japan. The maximal column 

densities of dust in EXP4 on March 15 and 16 were a factor of 2.5 and about 1.8 greater than those in 

EXP3 in the East Asian domain, respectively (Fig. S5). The aerosol data assimilation in this case resulted 

in significantly increased atmospheric mass concentration of dust near Toyama, as seen in the vertical 

profile from the surface to the free troposphere levels on March 16 for Event C (Fig. 7c). The simulated 

daily mean surface mass concentration of dust in EXP4 was closer to the estimated TSP (estimated Total 

Suspended Particulate level at surface) in Fig. S4 (see also the TSP estimate from the temporally 

re-sampled SPM data in Fig. 2b). The comparison indicated that EXP4 more reasonably captured the 

observed surface pollution level caused by the Asian dust transport. Because we showed previously that 

use of the corrected MERRA precipitation had minimal effect for this event (and in any case the simulated 

precipitation rates in EXP2-4 were somewhat higher than observed), we conclude that the improvement of 

TDP in EXP4 (Fig. 2a) can be attributed mainly to the significant increase of atmospheric dust by the 
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aerosol data assimilation (Figs. S5 and 7), with the deposition scaled accordingly given the similar degrees 

of precipitation in EXP2, EXP3, and EXP4. Despite this improvement, more than half of the observed 

TDP for Event C could not be explained by EXP4 (Fig. 2a). 

To summarize our simulations of Event C, we found similar atmospheric dust loadings over Toyama in 

EXP1-3, while EXP2-4 had similar precipitation as follows. EXP1 had less precipitation on March 16 

during the event as compared to the JMA observations. Then, the precipitation in EXP2 was somewhat 

higher than the JMA-observed one, but was similar to the ones with the MERRA-corrected precipitation 

used in EXP3-4. The greater precipitation in EXP2-3 resulted in greater TDP than was found for EXP1. 

The largest amount of modeled TDP for Event C was found in EXP4, where the aerosol data assimilation 

process had significantly enhanced the dust loading. Even so EXP4, which captured the estimated TSP 

quite well, could only explain less than half of the observed TDP, suggesting even higher dust loading at 

elevated altitudes would have been needed or else that some aspect of the dust-precipitation interaction is 

not adequately simulated in the model (either the vertical position of the dust and precipitation, or else 

possibly in the aerosol particle sizes and/or the wet removal process parameterization itself, such as the 

scavenging efficiency). We have additionally speculated that the major difference in the simulated 

precipitation between EXP1 and EXP2 is critically dependent on how topography was resolved. A recent 

regional modelling study by Uno et al. (2014) found that topography (i.e., altitude) effect was critical in 

simulating the precipitation (i.e., snow) distributions in a nearby region of Toyama prefecture in Japan, 

further supporting our speculation of the role of orographic forcing in governing the precipitation in 

Toyama. Chao (2012), on the other hand, points out that GCMs typically simulate excessive precipitation 

in the vicinity of steep terrain, which would be exacerbated in our higher resolution simulations, and 
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indeed the precipitation at Toyama was overestimated in EXP2-4. Unfortunately, with our current 

experiments cannot conclusively implicate the topography effect as an explanation for the precipitation 

increase in those simulations, and in any case EXP3-4 were using a corrected precipitation product which 

itself did not agree with the observations taken in Toyama. Hence, this would be a good motivation for a 

future study to obtain more conclusive results on the topography-precipitation relationship. 

 

3.3. A weak dust event at Toyama in February 2009 (Event B) 

    Event B is characterized by about 37% value of the observed TDP for Event C (Fig. 2a). The 

temporally resampled SPM (or estimated TSP) data show lower pollution levels during Event B compared 

to Event C (Fig. 2b), although the higher time resolution NIES lidar data clearly show the amplified 

signals implying enhanced surface dust concentrations at the TESC site on February 21 (Fig. 7a,b; 

different plots of ABC and DR with the same NIES lidar data in Toyama during February 18-22 were also 

available at the NIES lidar website at: http://www-lidar.nies.go.jp/Toyama/archives/090218-090222.png, 

hereafter called the NIES lidar-plot 090218-090222 website). The daily mean observed SPM and 

estimated TSP data also show relative increases in the pollution levels on February 21 compared to the 

surrounding days (Fig. S4). On the other hand, the JMA-observed daily precipitation rate at Toyama on 

February 21 was just 1.0 mm day
-1

 (Fig. 8), and JMA did not officially report Asian dust events at Toyama 

at all in February, although Asian dust events were reported in other prefectures (mostly in the western part 

of Japan) around February 20-22 (see the JMA Kosa website 2009). A trajectory analysis based on the 

HYSPLIT model (Draxler and Rolph, 2014; Rolph, 2014; see the website at: http://ready.arl.noaa.gov) 

suggests that low altitude air masses had their origins over the Gobi desert region on the preceding days, 
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suggesting the possibility of Gobi dust as the contributor to the dust loading of Toyama during this event 

(see Section 4 of SI and Fig. S6). 

While for Event C we found that the four model simulations had very different TDP from one to 

another, for Event B the TDPs in the higher resolution simulations (EXP2-4) have essentially the same, 

about twice as great as was found for the lower resolution EXP1 simulation (Fig 2a). The simulated 

surface mass concentrations of dust were similar for all of the model simulations (Fig 2b). The similarities 

in the different simulations’ surface mass concentrations of dust can be more clearly seen by looking at the 

daily data (Fig. S4). The enhancements in the simulated surface mass concentrations of dust were weak on 

and around February 21 for all the experiments here (Fig. S4). Comparing Fig. 7e (EXP1) with Fig. 7c,d 

(EXP4 and EXP2, respectively) shows some difference in the vertical profile of the dust loading simulated 

in the lower resolution EXP1 simulation. The JMA observation showed very weak precipitation rate of 1.0 

mm day
-1

 on February 21 (Figs. 8 and S4) and did mostly no precipitation during the exact covered-time of 

the daily data in EXP1-3 (after 6:00 JST in Fig. 8 and partially not shown on February 22). The model 

precipitation is very weak on February 21 (Fig. 7c-e), but precipitation is somewhat higher on surrounding 

days and for the entire TDP aggregating period we find the modelled precipitation is actually somewhat 

higher than what was observed (Fig. 2c). Interestingly, EXP4 with the assimilation of aerosol data did not 

result in a significantly better simulation of this event (Figs. 2b and S4), possibly either because cloudiness 

over Toyama or at upwind locations prevented successful MODIS aerosol retrievals to assimilate, or 

possibly because the aerosol plume was misplaced in altitude or horizontal position in the model, which 

would not be corrected by the assimilation methodology (i.e., there is no vertical information in the 

MODIS observations). The lower altitude dust concentrations simulated (Fig. 7c-e) are somewhat similar 
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to the ―background Kosa‖ (pg. 494) condition typically seen in the free troposphere with regard to weak 

dust concentrations of about 0.0019-0.025 mg m
-3

 as in Iwasaka et al. (1988). This is also consistent with 

the discussion on the weak Asian dust transport from the observations with the trajectory analysis in the 

last paragraph and Section 4 of SI. Overall, the reproducibility of observed TDP for Event B by the 

simulations was poor in terms of magnitude, compared to that of Event C. 

Although the modeled TDP showed less increases in the four experiments during Event B, the 

observed TDP did a significant increase (Fig. 2a). Then, we must ask us, ―What is the reason why the 

observed TDP in Fig. 2a could greatly increase during Event B?‖ To investigate the reason, we further 

examine the observed 1-hourly SPM data (averaged the nine-location data excluding missing data) and 

JMA-observed precipitation data during the time period covering Event B (Fig. 8). Fig. 8 breaks down the 

almost one TDP sampling period into hourly data spanning the period February 18-25, which 

encompasses the observed TDP sampling period for Event B (from 13:15 JST February 18 to 15:45 JST 

February 25). Over most of this period the SPM was low, which seemed to be near background levels. The 

enhancements occurred over the evening hours on February 20 and the early morning hours on February 

21. On February 20 there was precipitation of 1.5 mm h
-1

 during 18:00-19:00 JST, near the beginning of 

the enhancement in the observed SPM, but there was no precipitation during the peak SPM values later 

that evening. This suggests that most of the dust during the evening hours were not washed out by 

precipitation (i.e., small impact on the observed TDP). The SPM values peak again in the early morning on 

February 21, during which time the precipitation was very weak (0.5 mm h
-1

) but steady for two hours 

between 2:00 and 4:00 JST. The relationship between the increased precipitation and SPM on February 

20-21 may be the typical pattern of a cold front system, which generates precipitation first, followed by 
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dust transport (i.e., high dust concentration backward of the cold front) (e.g., see Fig. 4 of Sugimoto et al., 

2003; Fig. 3 of OS11). Based on the results on February 20 (i.e., the SPM peak concentration without 

accompanying precipitation), the dust contribution on that day to the observed increased TDP can be small 

because the OS11 TDP sampler only opens its hatch during the precipitation as mentioned in Section 2.2. 

Note that we are also aware of the dust cloud transport above about 2 km during 18:00 UTC February 21 

and 6:00 UTC February 22 (i.e., 3:00-15:00 JST February 22) in the lidar data (Fig. 7a,b; also see the 

NIES lidar-plot 090218-090222 website). However, the JMA observation at Toyama showed no 

precipitation during the time period (not shown). Therefore, we considered that this dust cloud above 

about 2 km also was not responsible for the observed increase of TDP during Event B in Fig. 2a. So our 

conclusion is that the increased SPM concentration with the very weak precipitation in the early morning 

on February 21 is the primary explanation for the relatively larger increase of the observed TDP for Event 

B in Fig. 2a. 

As discussed by OS11, precipitation intensity may not be always responsible for the increased wet 

deposition amount (i.e., not necessary to have a proportional relationship). This suggests that in the real 

world, if the precipitation occurs ―at the best (exact) timings of dust transport‖, this kind of ―very weak 

precipitation‖, even during a short time period could possibly have power to significantly contribute to an 

increase in the wet deposition of dust. The relationship between weak precipitation and elevated pollution 

would be a good scientific topic in terms of deposition in future studies. 

The current GEOS-5, however, could not significantly increase the TDP in the case of polluted dust 

in the atmosphere with such ―very weak‖ precipitation as discussed below. As mentioned in Section 2.1, 

the GEOS-5 modelled wet deposition amount relies on scavenging efficiency, depending on updraft 
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velocity and convective cloud height (convective scavenging), and precipitation rate (large-scale 

scavenging) under the existence of the same amount of pollution. The other transport models also treated 

wet deposition process as a proportion of the precipitation amount (Mahowald et al., 1999; Zhao et al., 

2003), which was also pointed out by OS11. Another global model treated the wet deposition as a 

proportion of the number concentration of raindrops for the sub-cloud scavenging (Takemura et al., 2000), 

which implies the relation to precipitation amount. Therefore, we can understand that modeled wet 

deposition amount is often proportional to the modelled precipitation, which is probably the standard 

treatment of chemical transport in the current global models as mentioned above. In this study, modelled 

weak precipitation in GEOS-5 also could not efficiently wash the atmospheric dust out as seen, for 

example, in a bubble plot from the EXP2 model run during the time period of OS11 (October 2008 – 

January 2010) (Fig. 9). Under the condition of low atmospheric column mass density of dust, wet 

deposition fluxes were less affected by precipitation amounts. On the other hand, even if the higher dust 

loading were seen, the wet deposition fluxes did not increase much under the ―very weak‖ precipitation 

condition (i.e., closer to the x-axis). This suggests that the current parameterization of GEOS-5 model 

needs at least some precipitation amount even under the polluted condition, to significantly increase wet 

deposition amount. This could explain the still-existing large differences on TDP for Events B and C 

between the observations and GEOS-5 experiments to some extent in terms of the modelled wet 

scavenging efficiency. 

 

3.4. Summary of the TDP performance at six Japanese locations within all the GEOS-5 experiments 

in January – April in 2009 
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    Although the main focus of this study is TDP at Toyama, we additionally summarize the performance 

of the temporally re-sampled modeled TDP at all six of the OS11 measurement locations in Japan during 

the time period (January – April, 2009). The Root Mean Square Errors (RMSE) between the temporally 

re-sampled modeled TDP in each GEOS-5 experiment (EXP1-4) and the TDP observations at each 

location were calculated. Except for Nagoya and Hedo, overall, the assimilation of the aerosol data with 

the corrected MERRA precipitation (EXP4) showed the best performance, having the lowest values of 

RMSEs (Table 3). Although it is obvious that Event C at Toyama showed the largest observed TDP of the 

six locations during January – April 2009 (Fig. 2 of OS11; Fig. S2), it is also the case that the largest 

systematic improvement of the RMSEs as simulation complexity increased except for the case using the 

corrected MERRA precipitation in EXP3 (i.e., resolution and aerosol data assimilation) was also seen at 

Toyama within all the locations. The is probably due to the significant contributions from the large 

changes in the amount of the modeled TDP to the RMSEs on the big Asian dust event (Event C) from 

EXP1, EXP2, or EXP3 to EXP4 (Fig. 2). The other locations showed smaller RMSE differences than 

those at Toyama (Table 3). This confirms that our detailed comparisons at Toyama focusing on the TDP 

events in this study, thus far, could provide the most valuable and unique insights into the factors driving 

the TDP sensitivities associated with wet deposition process. 

    It is worth noting that the use of the corrected MERRA precipitation (EXP3) did not improve the 

simulated TDP relative to EXP2 (Table 3), actually performing worse at Sapporo, Toyama, Nagoya, and 

Tottori. The improvements in the RMSE at Fukuoka and Hedo were also very small. The TDP in EXP3 

was reduced over the west coast of Japan, compared to EXP2 (see the blue-coloured grid cells over Japan 
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in Fig. S7c). This implies less dust available in EXP3 for deposition upon reaching Japan, compared to 

EXP2 (Fig. S7). 

 

4. Conclusions and summary 

    During the January – April in 2009, OS11 observed two notable enhanced TDP events in Toyama, 

Japan: one in February (Event B) and another in March (Event C). As OS11 reported, the March 2009 

event, Event C, was the largest TDP event observed among six Japanese observing sites during the time 

period of OS11 observations (Fig. 2 of OS11; Figs. 2a and S2). We focused and analysed the two observed 

TDP events at Toyama to examine model sensitivities on TDP at Toyama in different GEOS-5 settings and 

understand the reason why the OS11-observed TDP could largely increase. We used the results of four 

experiments with the NASA GEOS-5 model that included aerosols and were driven by the MERRA 

meteorology (see more about MERRA in Rienecker et al., 2011). The simulations systematically explored 

a hierarchy of complexities: (1) EXP1 was run at a coarse horizontal spatial resolution (2° x 2.5° 

latitude-by-longitude) (the outputs were obtained from YS14); (2) EXP2 was similar to EXP1 but was 

performed at 0.5° x 0.625° horizontal spatial resolution (the outputs were obtained from YS14); (3) EXP3 

was the same as EXP2 but additionally included the further constraint that the model generated 

precipitation was replaced by the corrected MERRA precipitation (see Section 2.1); (4) EXP4 was like 

EXP3 but additionally added a constraint on aerosol loading through data assimilation of AOD derived 

from the MODIS satellite instruments (the outputs were obtained from the so-called ―MERRAero‖ 

aerosol reanalysis; see Section 2.1). This group of experiments could tell us the nature of dust transport 

and deposition over Toyama during the observed two TDP events, and the significance of model 
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configuration in reproducing the observations. The outcomes from this study will be useful for future field 

campaigns and support further research on topics related to dust deposition with GEOS-5. 

    Our findings from analysing the two TDP events at Toyama with some additional discussions are the 

following: 

    The higher spatial resolution simulations (EXP2-4) generally performed better than the coarser spatial 

resolution simulation (EXP1) in terms of the modeled TDP for Event C. One possible aspect of this is that 

considerably greater dust emissions were simulated over the source regions at higher resolution. One 

possible explanation for this is that the higher wind speeds over the source regions in EXP2 are the result 

of topographically driven flow being better resolved in that simulation, which is consistent with 

Nowottnick et al. (2011b), though we could not completely exclude other possible factors in this study. 

However, in any case, the seasonal mean column mass density of dust over Japan did not show much 

difference between EXP2 and EXP1 even if there were differences on the dust emissions around the dust 

source regions. Hence, we conclude that the dust emission differences did not matter and were not the 

primary reason for the increased TDP at Toyama for Event C. On the other hand, precipitation increased in 

EXP2 versus EXP1 at Toyama, and there was more TDP there. The increased spatial resolution apparently 

plays a role in increased simulated precipitation at Toyama. Again we speculate a direct role here for 

spatial resolution and topography: as Toyama is located near a mountain range it makes sense that 

orographic flow would play some role in determining local precipitation. Chao (2012) suggest a problem 

in that higher spatial resolution models generate excessive precipitation in the vicinity of steep 

topographic gradients. Indeed, the simulated precipitation in EXP2 exceeded the observed precipitation at 

Toyama. However, we emphasize that we cannot exclude other factors to contribute to the increased 
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precipitation at Toyama in this study. This argues for more work in the future to resolve issues of spatial 

resolution and the interplay with topography in both the source and sink processes involved in dust cycle 

modelling. 

    The use of aerosol data assimilation coupled with the corrected MERRA precipitation in EXP4 greatly 

increased the atmospheric dust burden over Toyama, and resulted in the best representation of the dust 

transport and TDP of the model experiments for Event C (Figs. 2 and 7). It is noteworthy that the impacts 

of (a) increasing horizontal resolution and (b) using the aerosol data assimilation on the modeled TDP 

were both large for Event C (Fig. 2a). 

    By contrast, use of the corrected MERRA precipitation alone (EXP3) did not obviously improve the 

simulated TDP compared to EXP2. These results suggest a role particularly for aerosol data assimilation 

(here, the MODIS AOD, but probably more generally) in significantly correcting model biases in terms of 

the simulated aerosol loading. However, the modeled TDP in EXP4 had yet still underestimated the 

observed TDP for Event C. The data assimilation experiment (EXP4) had significantly increased dust 

amount in the atmosphere, for which the value was the closest to the observation-based estimated TSP. In 

addition, the modeled precipitation was higher than what was observed (i.e. plenty of available 

precipitation for the wet removal in the model). This suggests that the parameterization of wet removal in 

GEOS-5 may be inadequate, which aerosol removal per unit of precipitation being probably 

underestimated. This approach—scaling wet removal to either precipitation rate or, equivalently, droplet 

number concentration (in the case of large scale precipitation), or to convective updraft mass fluxes (in the 

case of convective scale precipitation)—is typical of global aerosol models (e.g., Mahowald et al., 1999; 

Takemura et al., 2000; Zhao et al., 2003), and is generally ignoring microphysical relationships between 
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hydrometeor and aerosol size distributions and so inadequately representing scavenging efficiencies. Our 

results suggest this is an important area for further research. 

    While use of aerosol data assimilation resulted in the best simulation of TDP overall (EXP4), this 

improvement was especially apparent for Event C. By contrast, in Event B the aerosol data assimilation 

experiment was essentially the same as the other high resolution simulations (EXP2 and EXP3), all of 

which represented the observed TDP better than that coarse resolution experiment (EXP1). The increase 

of SPM in Toyama during Event B on February 21 was observed to correlate with very weak and short 

duration precipitation (Fig. 8). Our conclusion is that the observed TDP enhancement during Event B was 

probably driven by a fortuitous correlation of the increased surface level dust and the very weak short-time 

precipitation. This suggests that a real world linkage between even very weak and short duration 

precipitation with dust loading can be crucial to determining TDP. The results from the GEOS-5 

experiments for Event B showed no systematic improvement in the modeled TDP across the higher 

resolution model experiments. Furthermore, the temporally re-sampled model mean precipitation rate in 

EXP2-4 during Event B exceeded what was observed (Fig. 2c), while the modeled TDP was much lower 

compared to the observed TDP. The aerosol data assimilation also did not help in this case; possibly 

because of cloudiness nearby or upwind location of Toyama (i.e., no available MODIS AOD data for the 

assimilation), or horizontal or vertical misplacement of the aerosol plume in the model. This suggests that 

the availability of the aerosol assimilation in time and space would significantly affect the errors of 

modeled TDP. 

The results of our study should be useful for reducing biases in simulating the aerosol wet deposition 

process in future models. We emphasize three key aspects of the modelling which require further 
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consideration: (1) simulation of the dust loading magnitude at appropriate altitudes; (2) simulation of the 

timing (and magnitude) of precipitation in relation to timing of dust loading; and (3) the realism of the wet 

removal parameterization itself. Improved representation of these areas will be crucial to, for example, 

improving the simulation of deposition to snow and ice surfaces in the cryosphere, in order to reduce 

uncertainties on post-depositional processes such as the snow darkening effect (e.g., Warren and 

Wiscombe, 1980; Flanner et al., 2007, 2009; Painter et al., 2007; Aoki et al., 2006, 2011; Yasunari et al., 

2011, 2014 (YS14), 2015; Niwano et al., 2012; Qian et al., 2015). In addition, better representation of 

aerosol deposition (especially dust) will help to reduce the uncertainties associated with changes in 

biological activity in the ocean related to ion fertilizations caused by dust depositions (Jickells et al., 2005, 

and references therein). Finally, a recent study by Yumimoto and Takemura (2015) showed a significant 

positive correlation between the satellite-derived chlorophyll data and their modeled dust deposition over 

the eastern North Pacific region, suggesting a possible relationship between Asian dust deposition and 

phytoplankton blooms there. The uncertainties related to these topics could possibly be reduced with the 

improvement of modelled wet deposition process of dust, based on the accumulation of many studies like 

this study. We hope these kinds of case studies with global models are further encouraged and valued in 

the scientific community.  
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Figure captions 

Fig. 1. Surface geopotential height in (a) EXP1 (144x91) and (b) EXP2 (576x361) GEOS-5 simulations 

with 6 locations (circles) for the observed TDP by OS11. For EXP1, the Toyama and Nagoya locations are 

located in the same grid point. 

 

Fig. 2. Comparisons of TDP, atmospheric aerosol, and precipitation data to GEOS-5 data (EXP1-4) at 

Toyama during January – April in 2009. (a) The observed (in blue; including Events B and C with the 

labels) and the temporally re-sampled GEOS-5 modeled TDP data (plots shown in red, light blue, 

yellowish green, and purple correspond to EXP1, 2, 3, and 4, respectively; the same colors applied to the 

modeled data in the other panels). (b) Comparisons between the temporally re-sampled mean observed 

SPM concentration in Toyama city (in blue; 9-location average) and the temporally re-sampled mean 

GEOS-5 surface mass concentrations of dust (EXP1-4). Estimated TSP concentration computed from the 

re-sampled mean SPM data with Eq. 2 in Fig. S3a is also shown in gray. (c) Comparisons between the 

temporally re-sampled JMA-observed and GEOS-5 daily precipitation rates (EXP1-4). In the data of 

OS11, there are slight time lags between sampling times but we continuously plotted. When each sampling 

time period was not fully within the time period during January 2009 to April 2009, the data were not used 

for plotting. 

 

Fig. 3. Accumulated dust emission fluxes during January – April in 2009 from the GEOS-5 experiments 

(grid-filled in rainbow colors) in two different horizontal resolutions (a: EXP1; b: EXP2) with mean 10-m 

wind velocity (white contours in m s
-1

). (c) The differences between the two experiments (EXP2 minus 
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EXP1) of the dust emission fluxes (grid-filled from blue to red) and mean 10-m wind velocity (green 

contour). For the difference, the data from EXP2 were re-gridded into the same horizontal resolution of 

EXP1. 

 

Fig. 4. Similar to Fig. 3 but for mean column mass density of dust in January – April in 2009 from the two 

GEOS-5 experiments (a: EXP1; b: EXP2; grid-filled in rainbow colors; seasonally averaged from daily 

mean outputs). (c) The difference between the two experiments (EXP2 minus EXP1; grid-filled from blue 

to red). For the difference, the data from EXP2 were re-gridded into the same horizontal resolution of 

EXP1. 

 

Fig. 5. Similar to Fig. 3 but for accumulated modeled TDP from the two GEOS-5 experiments during 

January – April in 2009 (a: EXP1; b: EXP2; grid-filled in rainbow colors) with the observed OS11 TDP at 

six locations (circles filled with the same scale in rainbow) for the same time period as shown in Table 1 of 

OS11. (c) The difference between the two experiments (EXP2 minus EXP1; grid-filled from blue to red), 

the data from EXP2 were re-gridded into the same horizontal resolution of EXP1. 

 

Fig. 6. Longitude-pressure cross section at the closest latitude of the OS11 Toyama site on March 16, 2009, 

in EXP1 (top panel) and EXP2 (bottom panel) on specific humidity (kg kg
-1

; contours shaded in colors), 

dust mass concentration (mg m
-3

; only plotted if the concentration was ≥ 0.05 mg m
-3

; white contours), and 

vertical velocity (omega; Pa s
-1

; only plotted if the values ≤ 0 Pa s
-1

, i.e., upward motion; black contours; 

dashed lines showed negative values). The OS11 Toyama site is at 36.70°N and 137.19°E, and the closest 
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grid points to the site are 36.0°N and 137.5°E in EXP1, and 36.5°N and 137.5°E in EXP2, respectively. 

 

Fig. 7. Comparisons of simulated dust transport to Toyama in the winter-spring of 2009. All data are in 

UTC. The lidar data at TESC is shown (a: attenuated backscatter coefficient, ABC, at 532 nm; b: 

depolarization ratio, DR, at 532 nm). For the GEOS-5 data at the closest grid points to the OS11 Toyama 

site (c: EXP4; d: EXP2; e: EXP1), the shaded contours and solid line with point (right side scale) denote 

vertical profile of daily mean mass concentrations of dust (mg m
-3

) and daily precipitation rate (mm day
-1

), 

respectively. The vertical pressure levels from 900 to 300 hPa are shown in log scale. See the information 

of the lidar data and OS11 sites in Section 2.2. 

 

Fig. 8. Comparisons between 1-hourly observed SPM concentration provided by TESC (nine-location 

average in Toyama city) and JMA-observed 1-hourly precipitation rate at the JMA Toyama station 

obtained from the JMA website (see the main text) during February 18-25, 2009. The 1-hourly JMA 

precipitation data on February 20 and 21 were only picked up and used for the precipitation plots 

corresponding to the first and second high SPM days (blue and red bars, respectively). The missing SPM 

data at a certain location was removed from the nine-location average. 

 

Fig. 9. The relationships at Toyama in the GEOS-5 modeled data from EXP2 among daily mean column 

mass density of dust, daily precipitation rate, and daily wet deposition flux of dust during the defined 

precipitation events (see Section 2.1). The time period covers October 2008 to January 2010, which is the 

time period of OS11 as shown in their Fig. 2 (also in Fig. S2). The bubble sizes, which correspond to the 
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amounts of wet deposition flux of dust, were automatically scaled in the plotting software (grapher 9; 

Golden Software, Inc.), using the minimum and maximum values within the available data. 
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Table 1. Comparisons on the TDP during January-April 2009 at Toyama between the 

observation by OS11 and the two GEOS-5 experiments (EXP1: 144x91; EXP2: 576x361). 

2009 

Dust flux 

(Obs.) 

Dust flux 

(EXP1) 

Dust flux 

(EXP2) 

Dust flux 

ratio 

Dust flux 

ratio 

Ratio 

(EXP1) 

Ratio 

(EXP2) 

Jan.-

Apr. (g m-2) (g m-2) (g m-2) 

(Obs./EX

P1) 

(Obs./EX

P2) 

(wet/total 

dust) 

(wet/total 

dust) 

Toya

ma 6.1 1.12 2.41 5.44 2.53 0.79 0.93 

Note. The observed TDP data during the time period were obtained from Table 1 of OS11. YS14 

summarized the similar comparisons but for Sapporo (see their Table S3), and we here 

summarized the comparisons at Toyama, adapting their table template. In addition notes from 

YS14 are briefly re-summarized here as follows: The sum of the modeled daily TDP during the 

time period above is shown in this table; The ratios on "wet/total" are the ratios of the 

accumulated wet deposition components to the accumulated TDP during the defined 

precipitation events (see Section 2.1). 
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Table 2. Comparisons on precipitation during January-April 2009 between the JMA observation 

at Toyama and two GEOS-5 experiments (EXP1: 144x91; EXP2: 576x361). 

2009 

Precip. (JMA 

Obs.) 

Precip. 

(EXP1) 

Precip. 

(EXP2) Ratio Ratio 

Jan.-Ap

r. (mm) (mm) (mm) 

(JMA 

Obs./EXP1) 

(JMA 

Obs./EXP2) 

Toyam

a 568  531  1118  1.07  0.51  

Note. The JMA-observed precipitation value at Toyama during the OS11 time period above was 

also summarized in Table 1 of OS11. The table template was adapted from Table S4 of YS14. 

As also mentioned in SI text of YS14, the threshold value on the defined precipitation event (see 

Section 2.1) was not applied on the daily precipitation data for the seasonal accumulations here. 
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Table 3. RMSEs at 6 locations during January-April 2009 between the observed and re-sampled 

TDPs for each experiment. 

Unit: mg m-2 

day-1 

EXP1 

144x91 

EXP2 

576x361 

EXP3 

576x361 

+ corrected 

MERRA 

precipitation 

EXP4  

576x361 

+ corrected 

MERRA 

precipitation  

+ aerosol 

assimilation 

Sapporo 21.75 21.15 21.19 20.48 

Toyama 99.74 82.08 86.67 63.71 

Nagoya 14.83 10.85 11.40 12.54 

Tottori 40.15 39.98 40.34 38.61 

Fukuoka 11.78 12.50 12.49 10.73 

Hedo 5.42 5.86 5.81 6.38 
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1. Additional information on the treatment of the GEOS-5 data 

As summarized in Yasunari et al. (2014), (1) the flux (or rate) unit conversion from “per second” to 

“per day” (i.e., multiplication by 86400 s) was carried out, and (2) daily total precipitation rate was 

defined as the total amount of convective and large-scale precipitation, and snowfall rates in the unit of 

kg m-2 day-1 or mm day-1. For EXP4, the surface outputs, such as the surface mass concentration of dust 

and precipitation rates, were 3-hourly outputs and the daily averaged data were produced from 3-hourly 

data (i.e., daily mean data; reference time is 12:00 UTC, i.e., 21:00 JST). For the vertical 3D outputs in 

EXP 4 on dust mass concentration, daily mean outputs were available and used (reference time of 9:00 

UTC, i.e., 18:00 JST), which was the same as the daily mean outputs in EXP1-3. The vertical mass 

concentrations of dust were calculated from the mass mixing ratio with air density data in the daily mean 

outputs (Figs. 6 and 7). For the calculation of the domain total dust emission amounts in Fig. 3, the areas 

at each grid point were calculated using the equatorial radius of the Earth of 6378.137 km in the 

Geodetic Reference System 1980 (GRS80) by Moritz (1980). 

 

2. SPM concentration data in Toyama city 

The observed 1-hourly SPM data in Toyama prefecture, which was provided by Toyama 

Prefectural Environmental Science Research Center (TESC), was used to calculate daily mean data as 

shown in Fig. S4. If the available 1-hourly data were less than 75% in a day (i.e., less than 18 hours), the 

daily mean data were not calculated. Instead, it was treated as missing data, at the location, and on that 

day. In the obtained SPM data, Toyama city has nine locations for the SPM measurement (Table S1). 

The daily mean SPM data are further averaged within the nine-location data, excluding the missing data 
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if there were. The nine-location averaged data in Toyama city are considered to be the representative 

daily mean SPM concentration in Toyama city as shown in Fig. S4. The nine-location averaged daily 

mean data are further temporally re-sampled with the method mentioned in Section 2.3. Then the 

accumulated daily mean data with day fraction weights for each sampling time interval at Toyama by 

Osada et al. (2011; called OS11; Fig. 2 of OS11; Figs. 2a and S2 in this study) or each TSP sample 

interval (Table S2) was divided by each sampling time interval so as to be the same sampling time 

intervals of these observations. 

 

3. Comparisons between observed TSP and SPM in Toyama 

Fortunately, some sporadic observations of TSP were also available in this study at TESC during 

March-April 2009 (Table S2). The relationship between the sporadically available TSP and SPM in the 

observed data was assessed to calculate the estimated TSP from the observed SPM data (i.e., temporally 

re-sampled nine-location averaged daily mean data). The estimated TSPs were shown in Figs. 2b (in the 

OS11 sampling interval) and S4 (in daily interval) for the comparisons to the simulated surface mass 

concentrations of dust in the GEOS-5 experiments (EXP1-4). As mentioned in Section 2.2 in the main 

text, the information on the difference between SPM and TSP data can provide the information on the 

mass contributions from the particle size range of larger than 10 µm. Note that the 50% cut-off diameter 

on SPM measurement is approximately 7 µm (e.g., Fig. 14 of Kasahara, 2002) and some loss of mass 

during 7-10 µm may be possible in the SPM measurement. 

Fig. S3a, shows the comparisons between the observed TSP concentration at TESC and the timely 

re-sampled mean SPM concentration in Toyama city. Kido et al. (2007) reported that a strong linear 
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relationship between SPM and TSP concentrations at TESC was found for Asian dust events. Our 

comparisons also showed a linear relationship (Eq. 1) but its coefficient of determination (R2) of 0.69 

was weaker than that in Kido et al. (2007) (R2 = 0.76; see their Fig. 5). The non-linear relationship (Eq. 

2) did show a better R2 number of 0.80 (Fig. S3a). It can probably be explained by the contributions 

from not only Asian dust transports but also local background pollution (i.e., non-Asian-dust 

contributions) to the samples. This is because the observed TSP data shown in Fig. S3 included the time 

periods of both Asian dust events and non-Asian-dust periods, which were confirmed with the JMA 

website for Asian dust, Kosa (hereafter called the JMA Kosa website 2009, the same as that in the main 

text; see the website of JMA available in Japanese: 

http://www.data.jma.go.jp/gmd/env/kosahp/kosa_table_2009.html). The JMA Kosa website 2009 

officially reported Kosa events at Toyama only on March 16-18 in 2009. Based on the results from Kido 

et al. (2007) and Fig. S3, local pollution and Asian dust may affect the relationships between SPM and 

TSP differently as shown in Fig. S3a. If so, the non-linear equation (Eq. 2), that includes the non-Asian 

dust contributions (i.e., more generalized relationship), could explain more about the relationship as 

shown in Fig. S3a. In fact, the estimated TSP concentrations, which included the non-Kosa periods, with 

Eq. 2 in Fig. S3a tended to be closer to the observed TSP concentrations at TESC than those estimated 

with the linear equation by Kido et al. (2007) (Fig. S3b). In addition, the differences between the 

observed TSP concentrations at TESC and the re-sampled mean observed SPM concentrations in 

Toyama city were larger for the Asian dust events during March 16-18, when compared to those for the 

non-Asian-dust time periods (Fig. S3b). In Japan, it has often been observed that transported Asian dust 

commonly has particle size peaks at around 4 µm (e.g., Nishikawa et al., 1991; Mori et al., 2003). 
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However, for the Asian dust events, the re-sampled SPM concentration in Toyama city with the particle 

size of less than 10 µm (i.e., SPM data) explains less than 30% of the observed TSP concentrations at 

TESC during March 16-19 (Table S3). This indicates that mass contributions of dust from the particle 

size of more than 10 µm to the TSP concentration were large for the Asian dust events during March 

16-18 (Fig. S3b and Table S3). This also suggests that the increase of observed TDP at Toyama (Event 

C) by OS11 shown in Fig. 2a and S2 was largely contributed by the mass of Asian dust with larger 

particle size. 

 

4. Asian dust transport contribution to Event B 

    To discuss whether Event B has Asian dust contributions or not, we further calculated the ensemble 

backward trajectories using the HYSPLIT model developed by NOAA ARL (Draxler and Rolph, 2014) 

on their READY website (Rolph, 2014; see the website at: http://ready.arl.noaa.gov). The ensemble 

backward trajectories were calculated for 72-hour backwards from 18:00 UTC February 20 (3:00 JST 

February 21) from 500 m a.g.l. at Toyama (Fig. S6). The time above corresponds to the peak of the 

nine-location averaged SPM data in Toyama city from the one-hourly data shown in Fig. 8. The air mass 

reaching the surface level at Toyama on February 21 included the air mass from around Gobi desert 

regions. Mizoguchi et al. (2009) discussed the possibilities of detecting Asian dust events at TESC using 

non-sea-salt calcium ion and lidar data, which included the JMA-reported and non-JMA-reported Asian 

dust events. In their study, the daily mean SPM concentrations observed at TESC on their six Kosa 

judgement days (these were non-JMA-reported Kosa events, but possibly judged as Kosa days based on 

their method) were in the range of 0.0262-0.0382 mg m-3 as shown in their Table 1. The daily mean 
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SPM concentration on February 21, when averaging all nine locations in Toyama city (Fig. S4), was 

0.0340 mg m-3 and within the range above in Mizoguchi et al. (2009) on the Kosa judgement days. 

Matoba et al. (2005) also mentioned that SPM measurement could be used to detect Asian dust events 

including weak events, together with pressure pattern and backward trajectory analyses, even though 

JMA officially did not detect Asian dust events. Considering all the above, the SPM increase in Toyama 

on February 21 shown in Fig. 8 could be judged as a weak Kosa case that was not reported by the JMA 

observation (see the JMA Kosa website 2009). In conclusion, the increases of the observed SPM (or 

estimated TSP) concentration in Toyama city (Figs. S4 and 8) and of the lidar signals near the surface 

(Figs. 7a-b) at TESC on February 21 were probably due to weak Asian dust transport from around the 

Gobi desert.  
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Table S1. Locations for the SPM observations in Toyama city. 

Location name Location ID lon. lat. 
Toyama Shibazono 16201021 137.20333  36.69472  

Toyama Shinmei 16201100 137.18472  36.68694  
Toyama Mizuhashi 16201110 137.30472  36.74972  
Toyama Ninagawa 16201140 137.22139  36.65500  

Toyama Iwase 16201400 137.23194  36.74194  
Toyama Jyoushi 16201510 137.21222  36.69222  
Toyama Toyota 16201520 137.23639  36.72389  

Fuchu Hayahoshi 16362010 137.15194  36.66028  
Fuchu Tajima 16362510 137.17667  36.67194  

Note. The location information was provided by TESC. 
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Table S2. Sampling time period for TSP observations at TESC. 

Sampling start time Sampling end time 
2009/3/16 13:08 2009/3/17 10:37 
2009/3/17 11:00 2009/3/18 10:30 
2009/3/18 11:00 2009/3/19 11:00 
2009/3/19 11:04 2009/3/20 10:54 

2009/4/6 9:07 2009/4/7 9:05 
2009/4/21 17:40 2009/4/23 8:23 
2009/4/25 13:00 2009/4/27 8:28 
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Table S3. Ratios of the re-sampled mean SPM to the observed TSP concentrations in 2009. 

TSP sampling dates Ratio (re-sampled SPM/observed TSP) 
March 16-17 0.201  
March 17-18 0.255  
March 18-19 0.237  
March 19-20 0.372  

April 6-7 0.629  
April 21-23 0.343  
April 25-27 0.735  

Note. The re-sampled mean SPM and the observed TSP concentration data were plotted in Fig. S3. 
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Fig. S1. Surface geopotential height (contours in gray with interval of 500 m) and mean horizontal wind 
velocity at 10 m in January – April in 2009 by the GEOS-5 experiments (grid-filled in rainbow colors) near the 
dust source regions in East Asia with two different horizontal resolutions (a: EXP1; b: EXP2) and its difference 
(c: EXP2 minus EXP1; wind velocity: grid-filled from blue to red; surface geopotential height: contours in gray 
with interval of 10 m). In Panel (c), the solid and dashed contours denote positive and negative differences, 
respectively. For the difference, the data from EXP2 were re-gridded into the same horizontal resolution of 
EXP1.  
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Fig. S2. Comparisons between temporally re-sampled TDP modeled by GEOS-5 (EXP1 in red and EXP2 in 
light blue) and observed TDP (blue; the data obtained from Fig. 2 of OS11) at 6 locations in Japan. Break axis 
was used for Toyama. From one sampling time to the next, there were often slight time lags but we 
continuously plotted between sampling times. For the time period when the sampling time was not fully within 
the time period during October 2008 and January 2010, the data were not used for plotting at each location. The 
daily GEOS-5 data at Toyama and Nagoya from EXP1 were the same because these locations were in the same 
grid point in EXP1 as seen in Fig. 1. During August 6-9 in 2009, no observation at Hedo was available due to a 
typhoon.  
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Fig. S3. Comparisons among observed TSP concentrations at TESC, temporally re-sampled mean observed 
SPM concentration in Toyama city, estimated TSP from the SPM data, and temporally re-sampled surface mass 
concentration of dust from the GEOS-5 experiments at the OS11 Toyama site. (a) A relationships between the 
observed TSP concentrations at TESC and temporally re-sampled mean observed SPM concentrations in 
Toyama city (averaging nine locations), which are also shown in Fig. S3b. Two types of regression equations 
(Eq.1: linear; Eq. 2: non-linear) are applied here. (b) Comparisons among the data for the time periods when 
seven TSP samplings were carried out. The temporally re-sampled data here are for the time periods shown in 
Table S2. Two estimated TSP data are shown in Panel (b) based on the temporally re-sampled mean SPM data 
with Eq. 2 in Panel (a) and the equation of Kido et al. (2007) (see their Fig. 5). On March 16-18, Asian dust 
events were officially observed in Toyama by JMA (see the JMA Kosa website 2009).  
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Fig. S4. Similar to Fig. 2b but, instead, indicates “daily” data in Toyama during January – April 2009 on the 
simulated daily mean surface mass concentration of dust by GEOS-5 (EXP1-4), daily mean observed SPM 
concentration (i.e., based on the original 1-hourly data provided by TESC; averaged among nine locations in 
Toyama city; also see SI text), and JMA-observed daily precipitation rate (see the JMA website in the main 
text). The TSP concentration was “estimated” with Eq. 2 in Fig. S3a with the SPM data. Reference time for the 
plots of EXP1-3, EXP4, SPM (or estimated TSP), JMA precipitation data is 18:00, 21:00, 12:00, and 12:00 JST, 
respectively. To make it easier to see, the scale on the right side for the JMA observed daily precipitation rate 
starts from -20.0 mm day-1.  



Yasunari et al. (2015), Atmos. Res. 
 

 16 

 
Fig. S5. Day-by-day migration of column mass density of dust during March 14-16, 2009, over East Asia for 
Event C in EXP3 (a: March 14; b: March 15; c: March 16; the reference time of the daily mean output is 9:00 
UTC) and in EXP4 (d: March 14; e: March 15; f: March 16; the reference time of the calculated daily mean data 
from 3-hourly outputs is 12:00 UTC; see Section 1 of SI on the daily mean data in EXP4). The values shown in 
each panel are the maximum numbers within the domain in each panel. 
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Fig. S6. Ensemble backward trajectories for 72-hour period simulated by the HYSPLIT model (Draxler and 
Rolph, 2014) in NOAA ARL available on their READY website (Rolph, 2014; see the website a: 
http://ready.arl.noaa.gov) from the OS11 Toyama location (500 m a.g.l) for Event B, starting at 18:00 UTC on 
February 20, 2009 (i.e., 3:00 JST February 2009, corresponding to the timing of the SPM peak shown in Fig. 8).  
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Fig. S7. Similar to Fig. 5 (i.e., TDP in EXP1 and EXP2) but, instead, indicates TDP in (a) EXP2, (b) EXP3, and 
(c) the difference between EXP2 and EXP3 (EXP3 minus EXP2). 
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